Cat cortical arterioles were exposed in vivo to cerebrospinal fluid (CSF) from four patients with sub arachnoid hemorrhage (SAH) due to a ruptured intracranial aneurysm. Pial arteriolar caliber was mea sured by the television imagesplitting technique. There was a consistent vasoconstrictive response to CSF. This effect could be ascribed neither to the pH of the CSF nor to the potassium concentration. The vaso constriction, which was more pronounced with decreasing arteriolar caliber, could be resolved by the peri vascular application of nifedipine.
R
UPTURE of an intracranial aneurysm is fre quently complicated by delayed arterial spasm and cerebral ischemia. 1'11'12'14 '15'17'19'21'23'24' 2e '27 The relationship between these events is unclear be cause it is recognized that delayed cerebral ischemia after subarachnoid hemorrhage (SAH) does not always have an angiographic correlate, and that ar terial spasm visualized by angiography does not neces sarily mean ischemic dysfunction. These observations indicate that the state of the resistance vessels is of prime importance in the pathogenesis of delayed cere bral ischemia after SAH.
In vitro studies 2,ea,~,18,28 have shown that cerebro spinal fluid (CSF) from patients with SAH may in duce constriction of isolated major cerebral arteries. Information on the in vivo effect is sparse since there is only one report 22 on the effects of CSF from pa tients with SAH on small cerebral arteries and arterioles in situ.
The present study had two purposes. The first was to discover the effect of posthemorrhagic human CSF on minor cerebral arteries and resistance vessels in vivo. The second arose from our previous observation that perivascular microinjections of the calciuman tagonistic drug nifedipine (Adalat) markedly dila tates both normal pial arterioles and vessels exposed to perivascular blood; 8 we therefore set out to investi gate the effect of nifedipine on any vasoconstriction that might be induced by a patient's CSF.
Material and Methods

Clinical Material
Samples of CSF were obtained from four patients suffering from SAH due to a ruptured aneurysm. Relevant clinical details are summarized briefly in Table 1 . Three of the patients (A, B, and C) devel oped severe delayed neurological deficits, considered to be ischemic in origin. In these patients, ventricular fluid pressure (VFP) was continuously monitored and ventricular CSF was drained at a VFP exceeding 15 to 20 mm Hg. In no case did the arterial pressure at any time drop below 120/70 mm Hg. The fourth patient (D) remained well and without neurological symp toms, even though angiography 9 days postSAH and 8 days after successful clipping of a right internal carotid artery (ICA) aneurysm revealed pronounced spasm in all large intracranial arteries within the territory of the right ICA.
Methods
The CSF samples were divided into 1 to 2ml por tions in glass tubes and frozen at 20~ immediately after withdrawal. The CSF was only rewarmed im mediately prior to an experiment. Because the micro pipettes used in these experiments (see below) are blocked by particles with a diameter exceeding 8 to 10#, the CSF samples were filtered through a milli pore filter (pore size 0.22/~)* after being thawed.
The pH and the potassium concentrations of the CSF specimens were determined before the experi ments ( Table 2 ). Control human cerebrospinal fluid (CSF~. and CSFF) was obtained from two patients who were undergoing myelography. The pH of these sam ples was adjusted to 7.18 according to the procedure described by Wahl, et al. ~5 Mock CSF had the following composition: Na § 156 mM, K § 3 mM, Ca 2+ 1.5 mM, C1 151 mM, and HCOs 11 mM. The final pH of the mock CSF solu tion was adjusted to the pH of each patient's CSF specimen, and called mock CSFA.B.C.D, respectively.
Mock CSFA.B.C,D solutions were stored under oil and used within an hour after prepaI'ation.
The experiments were performed on 10 anes thetized cats of either sex, weighing 1.8 to 3.2 kg. Anesthesia was induced by a combination of alpha xolone (6.75 mg/kg) and alphadolone acetate (2.25 mg/kg) administered intravenously. After endo tracheal intubation, cannulas were inserted via the femoral vessels into the abdominal aorta and inferior vena cava. Anesthesia was maintained with a 1% solu tion of alphachloralose (60 mg/kg) given intra venously. Additional alphachloralose was given as needed to abolish the corneal reflex. Oxygen was delivered via a respiratory pump with the rate and vol ume adjusted to maintain normocapnia. In seven animals, gallamine (3 mg/kg) was administered intra venously in order to control respiration. The femoral arterial cannula was used for continuous electro manometric measurement of the arterial blood pres sure and for removal of blood samples, which were analyzed for PaCO2, PaO~, pH, and base deficit. Any base deficit was corrected with 8.4% sodium bicar bonate given by slow intravenous injection. Endtidal CO2 concentration was monitored continuously and displayed on a Statham capnograph, t Body tempera ture was maintained at 37 ~ to 38~ by means of a heating blanket.
The head of the cat was placed in a stereotaxic holder, and a unilateral craniotomy, 3 • 2 cm in area, was performed over the left cerebral hemisphere with a salinecooled dental drill. After removal of the bone *Millipore filter manufactured by MilliporeSwinnex flap, the dura was bathed in mineral oil before being incised and reflected laterally. The exposed cortex was continuously irrigated with heated mineral oil main tained at a temperature of 37~ Pial arteriolar caliber was measured by the televi sion imagesplitting technique, originally described by Baez a and modified by Wahl, et al., 25 and MacKen zie, et al. 2~ The pial vessels were visualized with a Bausch and Lomb stereomicroscope at a magnifica tion of either • 40 or • 70. To measure the arteriolar caliber, the image was passed through an image splitting device situated on the vertical eyepiece of the microscope to an attached lightsensitive television camera and was displayed on a videoscreen.:l: The shearing screw of the eyepiece, which controls the degree of imagesplitting, was connected to a sensi tive potentiometer and, in turn, a pen recorder. Thus, frequent measurements of shear, which is directly proportional to the vessel caliber, could be obtained. The surface of the brain was illuminated with the use of a cold, fiberoptic light source.w The system was cali brated against monofilament nylon sutures of known uniform diameter before each experiment. Thus, the absolute diameter in micrometers could be calculated. It has previously been demonstrated that using this system, and under steadystate conditions, the coeffi cient of variation between repeated measurements of pial arteriolar diameter is 1%. 20 Sharpened glass micropipettes with a tip diameter of approximately 8 #m were filled with the solutions under investigation. The tops of the micropipettes were sealed with mineral oil and the tips submerged in the bulk of the solution and sealed under oil. This maneuver minimized any change in pH of the solu tion in the pipettes, which were used as soon as possi ble after preparation.
The solution was applied to a cortical arteriole by inserting the micropipette into the subarachnoid space adjacent to the vessel. The micropipettes were posi tioned in the perivascular space using a micro manipulator and held in place by a pipette holder mounted on the manipulator. A hydraulic syringe was used to inject approximately 2 #1 of the solution into ~Imagesplitting device manufactured by Vickers Ltd., Breakfield, Coulsden, Surrey, England. w fiberoptic apparatus manufactured by E. Leitz (Instruments), Ltd., 48 Park Vale Street, Luton, England. the perivascular space. Arteriolar caliber was mea sured continuously following the injection of the solu tions, and the maximum response was compared to the preinjection diameter.
Nifedipine, in a concentration 0.1 mg/ml, for vehi cle composition, 8 was diluted in mock CSF to a con centration of 20 #g/ml. The pH of the nifedipine solu tion was adjusted to 7.18. To prevent decomposition of the nifedipine, the solutions were protected from light exposure except during the perivascular injec tions, When the CSFinduced vasoconstriction had reached a plateau, nifedipine was injected and the vascular response studied and compared to that of control vessels.
The methods of perivascular microinjection of test substances and measurement of cat cortical pial arteriolar caliber were essentially similar to the tech niques described by Harper and MacKenzie. TM
Results
Resting diameters of the investigated vessels were in the range of 44 to 336 #m.
All perivascular microinjections were performed at normocapnia (5.2 + 0.4 kPa) and normotension (114.2 ~ 7.1 mm Hg). Application of mock CSFA,B,D invariably induced vasodilatation, whereas mock CSFc did not cause any significant change in vessel diameter (Fig. 1) . The dilatatory responses to mock CSFA,B,D became more pronounced as the size of the arteriole studied decreased. Control CSFE.F also caused dilatation, as shown in Fig. 1 The vascular effects of the CSF from the four SAH patients were studied on 36 individual cat pial arteri oles (CSFA.B,c.D on 14, seven, six, and nine vessels, re spectively). With a single exception, the CSF caused a marked constriction of the arterioles (Figs. 1 and 2) , the maximum response occurring 1 to 4 minutes after the perivascular microinjection. The time course of changes in the caliber of two arterioles is shown in Fig.  3 . The individual vasoconstrictive responses of the complete series of experiments are shown in Fig. 2 . The absolute values are demonstrated in Table 3 . The extent of induced vasoconstriction increased signifi cantly (p < 0.01) with decreasing initial vessel size (Fig. 2 ). There were no significant differences in con stricting activity between the four specimens when the variation in resting vessel caliber was taken into ac count, that is, the relatively less constrictive responses to CSF from Patients B and D were probably due to the fact that relatively larger vessels were exposed to these samples.
In 24 of the 36 experiments, the effect of perivas cular application of a nifedipine solution (20 #g/ml) was tested when the CSFinduced vasoconstriction had reached a plateau. A marked dilatation was con sistently seen, and its extent varied inversely with the resting (preconstricted) caliber of the vessel (Fig. 4) . The duration of dilatation was, however, shorter in arterioles previously exposed to posthemorrhagic pa tient CSF than in normal vessels of comparable size. Thus, at 10 minutes after the microapplication, the mean remaining dilatation in 14 observations was 14.2% (ranging from a constriction of 2.8% to a 41.8% L. Brandt, et al. Table 1 ). Unbroken line represents an arteriole with a resting caliber of 199 #m; dottedline repre sents an arteriole with a resting caliber of 84.4 ~tm. dilatation) as compared to 40.1% dilatation (ranging between 31.0% and 49.2% dilatation) in seven normal vessels of comparable size.
Discussion
The present study shows that ventricular CSF from three patients who had delayed cerebral ischemic defi cits secondary to a ruptured aneurysm, and lumbar CSF from one patient who was asymptomatic but with pronounced angiographic vasospasm, each in duced marked vasoconstriction in 35 out of 36 peri vascular microinjections. By contrast, the application of mock or control human CSF either had no vas cular effect or caused mild vasodilatation. Therefore, it is clear that CSF from patients with SAH can in duce constriction of small cerebral arteries and arterioles in vivo in the cat.
There are two reports dealing with in vivo data on the subject of vasoconstricting agents in the CSF. Raynor, et al., ~ showed that topically applied sero tonin could constrict exposed cortical arteries in cats, but did not obtain a reaction to topically applied CSF obtained from three patients with SAH. Boullin 5 de scribed experiments in two monkeys in which intra cisternal injections of CSF from patients with delayed arterial spasm and ischemia had deleterious effects.
The vasoconstriction induced by CSF reached its peak 1 to 4 minutes after perivascular application. A similar temporal profile of a gradually increasing con striction in response to human posthemorrhagic CSF has been observed in segments of human major cere bral arteries 2,7 and we have also seen it in human pial arterioles in vitro (unpublished data). This time course is at variance with that seen after direct application of monoamines (for instance, serotonin)? Although this does not exclude the possibility that the effects of post hemorrhagic CSF are mediated via vasoactive mono Vasoeonstrietive response to human CSF in eats amines, we have found in other in vitro experiments that the contraction induced by CSF is not blocked by specific serotonin and noradrenaline antagonists (un published data).
It is difficult to quantify the vasoconstrictive re sponse of the patient CSF samples, since mock CSFA,B,D and control CSFE,~ samples caused vaso dilatation. A similar dilating effect with mock CSF has recently been reported by Crawford, et al. ~o using the same experimental model. The reason for this vasodilatation is not clear, but ionic differences be tween artificial CSF and the extracellular fluid of the cat cortical surface may be a contributing factor. The effect is not simply one of pH, because mock CSFc and CSFD were slightly alkaline ( Table 2) .
Both for vasoconstriction and for dilatation, smaller vessels were more reactive (Fig. 2) . This has also been noted in experiments concerning the effects of perivascular application of calciumfree mock CSF 4 and nifedipine? Among the possible explana tions are: a higher vascular tone in distal resistance vessels; ~ a greater sensitivity of distal resistance vessels to blockade of accessible extracellular calcium ions; 8 or simply variability in diffusion characteristics result ing in limited access of the drug in the larger vessels.
In a previous study using this model, we demon strated that perivascular microapplication of nifedi pine resolved the acute vasoconstriction produced by perivascular bleeding? In the present experiments, the vasoconstriction induced by posthemorrhagic CSF from humans with evidence of delayed vasospasm was also abolished by nifedipine. Even if the mechanisms behind the two types of experimentally induced vasoconstriction may differ, the prompt and con sistent relaxation response of nifedipine is in agree ment with the assumption that this drug interferes with a final common pathway for vascular smooth muscle contraction. 13 The fact that CSF from patients with a ruptured aneurysm contracts cerebral resistance vessels in viva may be relevant to the pathogenesis and treatment of delayed cerebral ischemia secondary to SAH. Further studies, including testing of CSF collected serially after SAH and comparison of the responses with clinical events and angiographic findings, are warranted.
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